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Introduction 
Oxidative stress is an imbalance between the production of reactive oxygen species 
(ROS) and antioxidant defenses (1).  Free radicals are an unavoidable by-product of many 
biochemical processes, and in the case of activated neutrophils, are deliberately formed.   
Oxidative stressors such as infection, inflammation, metabolic abnormalities, or environmental 
contaminants overwhelm the body’s defense mechanisms allowing reactive oxygen species 
concentrations to increase.  This increase in ROS can cause damage to biological 
macromolecules including proteins, lipids and DNA. An accumulation of oxidative damage is 
the underlying cause of many diseases because oxidative metabolism is an essential part of every 
cell’s metabolism (2).  It has been suggested that accumulation over a long period of time plays a 
significant role in the aging process, inflammatory diseases (arthritis, vasculitis), heart disease, 
and several neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases.  
 
Reactive Oxygen Species Formation 
  Unpaired electrons increase the chemical reactivity of an atom or molecule (1). Redox 
reactions involve the transfer of electrons from one reactant to another and are an essential part 
of the mitochondrial electron transport chain (ETC) (3).  There are advantages for aerobic 
organisms to use oxygen in order to extract the energy from organic molecules.  Oxygen is 
readily available and can diffuse easily through cell membranes.   Additionally, oxygen is a 
reactive molecule and can easily accept electrons resulting in a substantial amount of energy 
being released, which can then be used.  However oxygen’s high reactivity also leads to the 
formation of highly destructive metabolites known as reactive oxygen species.  
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Molecular oxygen (O2) is a triplet diradical.  Therefore, instead of its discrete molecular 
orbital containing only pairs of electrons with opposite spins, oxygen contains two electrons that 
are not spin-paired, and each resides in its own orbital (3). Even though it is thermodynamically 
favorable for oxygen to take on additional electrons, this distribution of electrons makes it 
impossible for oxygen to accept a spin-matched pair of electrons. The unpaired electrons in the 
oxygen molecule must first undergo a spontaneous spin reversal to make the pairing possible, 
which is unlikely at ordinary collision frequency because the period of contact is too brief.  This 
results in a kinetic barrier for many oxidative reactions, and in order to compensate oxygen 
accepts electrons one at a time, which is what results in the formation of free radicals.    
Singlet oxygen (1O2) is the lowest excited state of molecular oxygen. Even though it is 
not a radical because it does not have an unpaired electron, it is extremely reactive. Singlet 
oxygen violates Hund's rule of electron filling in that it has all spin-paired electrons, leaving one 
orbital of the same energy level empty. This distribution of electrons makes it possible for 
oxygen to accept spin-matched electrons, thereby increasing the oxidizing ability of oxygen (4).  
As seen in Figure 1, the transfer of one electron produces the superoxide radical, O2•-, 
which is a weak oxidizing agent (1). Superoxide is the initial oxidant that escapes from the 
mitochondrial electron transport chain and is an important source of other radicals. Hydrogen 
peroxide, H2O2, is produced when the second electron is transferred (3). Even though hydrogen 
peroxide is not a radical, it is still eager to accept two electrons, which causes it to be a cytotoxic 
oxidant. Certain chelates of ferrous iron or cuprous copper are capable of transferring an electron 
to hydrogen peroxide which breaks the O-O bond creating a water fragment and a hydroxyl free 
radical, •OH, which is one of the most potent oxidants known. However, hydrogen peroxide has 
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an extremely short half-life and therefore reacts at the site of formation, typically with biological 
macromolecules producing a free radical chain reaction with the formation of new radicals. 
Other oxidants derived from molecular oxygen include hypochlorous acid, HOCl 
(produced from oxygen by NAPDH oxidase and myeloperoxidase)(3), peroxynitrite, ONOO-; 
which is produced from superoxide and nitric oxide, NO• (1). HOCl is highly reactive with a 
large range of bio-molecules, thiols being the most reactive, however, the reactivity of HOCl 
with thiols is too rapid to monitor experimentally. The conversion of amines to chloramines by 
HOCl is much slower than the reaction of HOCl with thiols.   Considering the availability of 
amino groups, this reaction is physiologically likely, and therefore using chloramines is an 
excellent alternative to HOCl because they are not only less reactive oxidants, but also retain a 
preference for thiols. 
 
 
Figure 1.  Reactive Oxidative Species Formation.  The four-electron reduction of O2 generates two molecules of 
H2O.  
 
Antioxidants 
ROS formation is usually kept at a minimum by antioxidant defense mechanisms.  
Antioxidants can be any molecule found in low concentrations compared to that of an oxidizable 
substrate, that easily reacts with ROS, thereby delaying or inhibiting the oxidation of substrate. 
            O2
molecular oxygen
      O2
superoxide
           H2O2
hydrogen peroxide
          OH
hydroxyl radical
H2O
water
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Many antioxidants are essential nutrients that the body cannot synthesize such as ascorbic acid 
(vitamin C), α-tocopherol (vitamin E), β-carotene (precursor of vitamin A), and several minerals 
(6).   Vitamin E is lipid soluble and is present in all cellular membranes where it reacts with a 
variety of radicals.  Ascorbic acid is a water soluble antioxidant that is capable of reacting with 
superoxide, the hydroxyl radical, and singlet oxygen (6).   Ascorbic acid is also capable of 
regenerating the reduced form of vitamin E from the tocopheroxy radical. β-carotene is found in 
cellular membranes including those of lysosomes and is the most efficient quencher of singlet 
oxygen.  Several metals such as zinc, copper, and manganese are an integral part of antioxidant 
enzymes.  Therefore dietary intake of these nutrients directly affects the activity of these 
enzymes. 
There are only a few enzymes that deal with molecular oxygen.  A single enzyme, 
cytochrome oxidase, which is located in cell’s mitochondria, handles approximately 98% of the 
oxygen metabolized (3). This enzyme functions as a catalyst in the electron transport chain 
(ETC) and greatly diminishes intracellular free radical production. Cytochrome oxidase contains 
four redox centers, two hemes and two copper ions, each with the ability to accept a single 
electron.    When all centers are reduced, cytochrome oxidase transfers the four electrons to 
oxygen with no detectable intermediates, producing two water molecules as the product. 
Unfortunately this mechanism of oxygen reduction is not 100% and is why the mitochondria is a 
source of many ROS. 
Families of antioxidant enzymes localizing in the mitochondria, cytosol, and the 
extracellular space have evolved in order to catalyze reactions eliminating ROS.  These include 
superoxide dismutases (SOD) for the elimination of the superoxide radical, and catalases and 
glutathione peroxidases for the elimination of organic and hydrogen peroxides (1,3). By using 
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the fact that superoxide is both an oxidant and a reductant, the SODs use one superoxide radical 
to oxidize another thereby catalyzing the reaction:  
             
Hydrogen peroxide can act as a weak reductant as well as a strong oxidant, which allows 
catalases to work in much the same manner catalyzing the reaction: 
    
Glutathione peroxidases have largely replaced the need for catalases in many higher organisms 
and play a major role by using NADPH as the reducing species for hydrogen peroxide:  
   
 
Thiol Reactions 
Nearly all amino acids are susceptible to oxidative modification by one or more forms of 
reactive oxygen species.  However, the only modifications that can be repaired are those 
involving the sulfur containing amino acids cysteine and methionine (7).   Sulfur-containing 
amino acids are also the most readily oxidized.  Only cysteine and methionine residues become 
oxidized in the presence of low concentrations of reactive oxygen species. 
 It is well recognized that moderate differences in redox homeostasis initiates a signaling 
response that can lead to a variety of downstream effects (8). Major regulatory networks can be 
activated and inactivated by oxidants, including transcription factors, metabolic enzymes, and 
membrane channels.  Sulfur-containing amino acids are sensitive to oxidation and are thought to 
be a major mechanism by which reactive oxidants integrate into cellular pathways. Almost all of 
the physiological oxidants react with the thiolate anion.  Therefore, a low pKa value (~ 8.3) will 
O2- + O2- + 2H+ H2O2 + O2
H2O2 + H2O2 2 H2O + O2
2 GSH + NADPH + H+ + H2O2 GSSG + 2 H2O + NADP+
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enhance the reactivity by deprotonating the thiol. This alone is not enough to contribute to this 
selectivity because the reactivity is also dependent on the molecular environment, with 
neighboring amino acids being able to facilitate ionization. 
The oxidation of protein thiols can occur by either one or two electron oxidation 
reactions. Figure 2 illustrates a thiol’s utilization of both pathways with one electron oxidation 
creating a thiyl radical and two-electron oxidation producing sulfenic acid (-SOH).  The sulfenic 
acid can then undergo additional reactions producing sulfinic acid (-SO2H), sulfonic acid (-
SO3H), sulfinamide (RSONR2′), sulfonamide (RSO2NHR’), and intra- and inter-molecular 
disulfide bond (-S-S-) formation.  The thiyl radical undergoes a distinct set of reactions, the most 
favorable being with the thiolate anion resulting in intra- and inter-molecular disulfide formation 
and a superoxide radical, which can ultimately amplify the oxidant response.  
 
 
Figure 2.  Pathways for the oxidation of protein thiols.  Two-electron oxidation yields sulfenic acid as the initial 
product, while one electron oxidation gives rise to the thiyl radical.   
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Given the reversibility of most forms of thiol oxidation, it has been shown that thiol 
modifications play a role in the alteration of protein behavior, similar to phosphorylation or 
dephosphorylation of proteins.  There are two enzyme systems capable of reducing disulfide 
bonds in proteins in vivo.  The first is the thioredoxin reduction system (TRS), which is made up 
of thioredoxin reductase (TrxR), thioredoxin (Trx), and NADPH (9).  TrxR uses NADPH to 
catalyze the reduction of Trx-S2 to the dithiol, Trx-(SH)2.  The reduced Trx can then undergo 
thiol/disulfide exchange with most protein disulfides (P-S-S-P’).  
                         
 
 
The second is the glutathione/glutaredoxin repair system (GRS), which typically requires 
a substrate containing intermolecular disulfide bonds (P-S-S-P’). The GRS is made up of 
glutathione (GSH), glutaredoxin (Grx), glutathione reductase (GR) and NADPH. Grx undergoes 
the thiol/disulfide exchange with an oxidized protein (P-S-S-P’).  The oxidized Grx then 
undergoes another thiol/disulfide exchange with GSH.  Then the GR uses NADPH to reduce the 
oxidized glutathione (GSSG). 
                        
 
   
Methionine 
Methionine is a flexible hydrophobic amino acid, which allows the thioether side chain to 
adapt its shape to hydrophobic regions in other proteins (10). Methionine along with cysteine and 
tryptophan are the most easily oxidized amino acids and the oxidation of methionine to 
P-S-S-P’ + Grx(red) P-SH + P’-SH +Grx(ox)
!!Grx(Ox) + 2 GSH Grx(red) + GSSG
!!!GSSG + NADPH 2 GSH + NADP+
NAPDH + H+ + Trx-S2 NADP+ + Trx-(SH)2
Trx-(SH)2 + P-S-S-P' Trx-S2 + P-(SH)2
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methionine sulfoxide removes its ability to donate a methyl group and leads to a less flexible, 
more hydrophilic side chain. In biological systems, methylation is catalyzed by enzymes and is 
involved in modification of heavy metals, regulation of gene expression, and regulation of 
protein function, although a recently recognized mechanism for the regulation of protein function 
is the oxidation of methionine residues.  The probability of oxidation varies depending on the 
location of methionine within a protein, and therefore will have different outcomes.  If 
methionine is near the surface, it can be easily oxidized and the protein will become more 
hydrophilic.  Oxidation of these residues does not seem to impair protein function and may 
constitute an endogenous antioxidant system (11).  If methionine is partially or totally buried in a 
hydrophobic pocket, it will be less likely to become oxidized. Nonetheless, if oxidized, the 
pocket will open up, changing the structure and biological function of the protein.  With the 
discovery of reducing enzymes that reverse the oxidation of methionine, it has been suggested 
that methionine may play a regulatory role in cell function similar to that of cysteine. 
 
Myeloperoxidase 
Neutrophils are a key component in the body’s immune response (12). Invading microbes 
are ingested by neutrophils and exposed to a potent antimicrobial system involving 
myeloperoxidase. When stimulated, neutrophils release large quantities of superoxide, which is 
then dismutated by NADPH oxidase forming hydrogen peroxide (13). 
 
Myeloperoxidase is a heme protein expressed in neutrophils (14) and possesses several catalytic 
activities including the oxidation of chloride to hypochlorous acid (HOCl) (13). This reaction is 
thought to proceed via a classical peroxidase mechanism in which H202 reacts with ferric 
H2O2!+!O22O2• + 2H+
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myeloperoxidase enzyme (MP3+) to give the MP3+•H202 complex. This enzyme complex will 
react with Cl- producing hypochlorous acid and a hydroxyl anion. 
 
 
Hydroxyl radicals are not efficient at killing bacteria because their high reactivity enables them 
to react with other targets prior to reaching the bacterium.  On the other hand, hypochlorous acid 
is a strong nonradical oxidant that is much more selective than the hydroxyl radical. HOCl is 
membrane permeable, its preferred substrates are thiols and thioethers, and it converts amines to 
chloramines. 
 
  It has also been shown that HOCl converts methionine residues of ingested Escherichia 
coli proteins to methionine sulfoxide in high yield (12).  As the oxidation of microbial 
methionine residues increased, the viability of the exposed organisms decreased. Additionally, 
there was increased sensitivity to HOCl in the bacterial strains that lacked the methionine 
sulfoxide reductase repair system and greater resistance in strains that over-expressed this repair 
enzyme.  This suggests that methionine oxidation by the myeloperoxidase system does if fact 
contribute to its bactericidal effects. 
There has been strong evidence implicating neuron specific oxidative damage to proteins 
as well as cytoskeleton abnormalities in the pathogenesis of several neurodegenerative diseases 
including Alzheimer disease (15-17). The in vivo mechanisms for oxidative damage are not well 
understood, however, one possibility is the over-expression of myeloperoxidase (14).  It has been 
observed that myeloperoxidase is expressed and enzymatically active in normal brain tissues, 
MP3+ + H2O2
MP3+  H2O2  + Cl- MP3+ + OH- + HOCl
MP3+  H2O2
RNH2 + HOCl RNHCl + H2O
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which raises the possibility that myeloperoxidase has a physiological function in the central 
nervous system. The levels of enzymatic expression in neurons were low when compared with 
neutrophils and monocytes where it makes up 1-3% percent of total cell protein. Nevertheless, 
immunohistochemisty revealed the expression of this enzyme to be increased in brain tissues 
showing Alzheimer pathology, with localization in amyloid plaques and neurofibrillary tangles 
(14). 
 
Methionine Sulfoxide Reductase 
 Oxidation of methionine (Met) to methionine sulfoxide (MetO) forms two enantiomers: 
S-MetO and R-MetO, (17) and can lead to significant changes in protein structure and activity 
(18). In the presence of strong oxidants, methionine sulfoxide can further oxidize to methionine 
sulfone (MetO2) (19). Although oxidation of Met to MetO2 is an irreversible process, MetO can 
be reduced by a class of enzymes called methionine sulfoxide reductases (Msr). These enzymes 
have been identified in both the mitochondria and in the cytosol of all mammalian tissues with 
the highest concentrations in the kidneys and cerebellum (20).  
 
      
Figure 3.  Chemical oxidation of methionine 
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The Msr system consists of  MsrA which is selective for the reduction of the S-
enantiomers, MsrB which is selective for the R-enantiomers, thioredoxin reductase, thioredoxin, 
and NADPH (19,22).The enzymatic mechanism (Fig. 4) has been derived using bovine and E. 
coli enzymes and has shown that three cysteines are essential for activity (21).  The initial step is 
the nucleophilic attack by cys72(bovine) on the sulfur atom of MetO.  The next step is the 
formation of sulfenic acid on the enzyme and release of methionine.  Following the loss of a 
water molecule and subsequent thiol-disulfide exchange involving cys218 (bovine) and cys 228 
(bovine), the protein is fully reduced by the thioredoxin reduction system.   
A decline in the enzymatic activity of MsrA has been observed in the brains of Alzheimer 
patients when compared to control subjects (23), and may be a result of a lower level of 
transcription or a posttranslational modification that affects its activity. The biological role of 
MsrA is demonstrated by the adverse effects observes in knockout mice (MsrA-/-) that are more 
sensitive to oxidative damage and has a shorter life span (by ~40%) than wild type mice.  
Additionally, the overexpression of MsrA in cells protects them from irreversible protein damage 
and, as a result, extends the life span. 
 
Figure 4.  Methionine Sulfoxide Reductase mechanism. (A) Cys 72; (B) Cys 218; (C) Cys 228 
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Tubulin 
 Microtubules are ubiquitous cellular components, with higher concentrations in brain than 
in any other tissue (24). Microtubules are protein filaments that form part of the cytoskeleton in 
eukaryotic cells and have a variety of cellular functions, such as separation of chromosomes in 
mitosis or transport vesicles in nerve cells (25).  The essential part of a microtubule is the hollow 
cylinder consisting of 13 protofilaments. Microtubules are polar structures formed by the head-
to-tail association of αβ heterodimers (Fig. 5). Within each protofilament, αβ heterodimers are 
oriented with their β-tubulin monomer pointing toward the plus end of the microtubule. 
Therefore, β-tubulin is exposed at the plus end, and α-tubulin is exposed at the minus end of the 
microtubule.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Microtubular structure 
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 Microtubule assembly originates from defined nucleation sites and is dependent on energy 
found in guanine nucleotides. β-tubulin binds to GTP which is hydrolyzed to GDP during 
microtubule assembly (25). The different polymerization rates of the two ends of the microtubule 
are a result of the polarity; the faster growing end is referred to as the plus end and the slower 
growing end as the minus end. At steady state, a treadmilling polymer has constant assembly of 
subunits at one end, with a balanced loss of subunits at the opposite end. Microtubule 
polymerization is dependent on free tubulin concentration, whereas microtubule 
depolymerization is independent of the free tubulin concentration.  
The outer surface of the microtubule interacts with a variety of microtubule-associated 
proteins (MAPs).  MAPs are known to favor polymerization and enhance the overall stability of 
microtubules by inhibiting disassembly (24).  As a result of the negatively charged tubulin and 
the positively charged binding domains of microtubule-associated proteins, the binding of MAPs 
to microtubules is predominantly electrostatic.  Most of the identified MAPs are known to be 
regulated by phosphorylation, which inhibits MAP function by reducing the affinity of the MAP 
for the MT lattice, presumably by weakening this electrostatic interaction. 
Higher eukaryotes contain multiple genes for both α- and β-tubulin.  In adult mammalian 
brain tissue, tubulin is a mixture of all gene products with a concentration range from 12-14% of 
total cellular protein, and only 2-4% in non-neuronal tissue, which makes it a likely target for 
modification by oxidants (15).   When microtubule proteins are treated with peroxynitrite anion 
(ONOO-) in vitro, cysteine thiols rather than other amino acids are more susceptible to oxidation 
(9).  It is unclear whether all of the twenty reduced cysteines of the tubulin dimer, twelve in α-
tubulin and eight in β-tubulin, are oxidized, but the disulfide bonds formed are at least partially 
responsible for inhibition of microtubule polymerization.  These tubulin disulfides are substrates 
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for both the TRS and GRS reductase systems, which restores a significant portion of the 
polymerization activity that was lost.  The compromised stability of neural microtubules has 
been observed in the microtubule-associated protein tau isolated from Alzheimer diseased brains 
inability to bind to microtubules (26).  The oxidation of cysteines in tau and MAP2 proteins 
treated with either ONOO- or H2O2, changes their ability to promote assembly of microtubules, 
which can be reversed by TRS reductase system (17). 
Additionally, Boutte et al. (27) mapped posttranslational modifications on selected 
proteins that were significantly and disproportionately observed in the pathological detergent-
insoluble fraction of an Alzheimer diseased brain. Selective methionine oxidations on detergent-
insoluble β-III tubulin were discovered, but not on its heterodimeric partner α-III tubulin.  It has 
therefore been speculated that direct oxidation reactions selectively targeted β-III tubulin, and 
possibly contribute to the neuronal cytoskeleton disruption that is characteristic of Alzheimer’s 
disease. 
As previously mentioned, the methionine and cysteine residues of proteins are readily 
oxidized by a number of different reactive oxygen species.  Though oxidants previously used in 
the Landino laboratory have oxidized cysteines, no attempts to detect methionine sulfoxide have 
been previously undertaken. Oxidation of methionine residues by a variety of biologically 
relevant oxidants, such as hydrogen peroxide, hypochlorous acid, glycine-chloramine and 
peroxynitrite have been performed using tubulin and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH). For experimental purposes, GAPDH is used as a model protein because it is also a 
ubiquitous cellular component with high concentrations found in brain tissues.  The comparison 
of these two proteins will provide a reliable analysis of the chemical nature of methionine 
residues. 
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A common method for proteolysis uses cyanogen bromide (Br-C≡N) to cleave the 
peptide bond on the carboxyl-terminal of methionine residues. Cyanogen bromide cleavage had 
never been performed in the Landino lab and therefore an experimental procedure for cyanogen 
bromide cleavage needed to be developed in order to evaluate the oxidation of methionine 
residues in tubulin and glyceraldehyde-3-phosphate dehydrogenase.  Given the cleavage 
mechanism, it is hypothesized that as the concentration of the oxidant increases, so should the 
amounts of methionine sulfoxide, and therefore a decrease in protein cleavage should be 
observed. 
 
Methods 
Protein Cleavage 
A common method for proteolysis uses cyanogen bromide (Br-C≡N) to cleave the 
peptide bond on the carboxyl-terminal of methionine residues (28). The mechanism is fairly 
straightforward, beginning with a nucleophilic attack of the thioether sulfur on the carbon in 
cyanogen bromide under acidic conditions.  This is followed by the formation of the 
iminolactone, which is then hydrolyzed by water resulting in two peptide fragments (Fig.6).   
Methionine is a relatively infrequent amino acid in proteins, cleavage at that residue generates 
relatively few peptides, which can be used to confirm methionine content by amino acid analysis. 
This method will allow us to determine whether or not the methionine residues of the tubulin 
proteins are being oxidized, because MetO will not be able to attack the carbon of cyanogen 
bromide and therefore the proteins will not be cleaved.   
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Figure 6.  Cyanogen bromide cleavage mechanism.  Adapted from Michigan State University, Reference  29. 
 
Sample Seperation 
SDS-PAGE can then be used to separate the protein fragments according to size.  SDS 
(sodium dodecyl sulfate) is the detergent used to expose the protein’s hydrophobic side chains 
and places a negative charge around the protein.  This is not enough to separate the proteins 
because they will all move towards the positive pole at the same rate, with no separation by size, 
so the proteins need to be placed into an environment that will allow different sized proteins to 
move at different rates. Polyacrylamide,  a polymer of acrylamide monomers, turns into a gel 
made of different sized tunnels through a meshwork of fibers.  A current can then be used to pull 
the proteins through the gel so the entire process is called polyacrylamide gel electrophoresis 
(PAGE).  Proteins tend to move through a gel in groups because there are many copies of each 
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protein that are the same size, and when stained will produce visible bands differing by 
molecular weight.  
 
Sample Detection 
Western blotting is a powerful and commonly used tool for identification and 
quantification of one specific protein in a mixture of any number of proteins. Protein samples are 
first resolved by SDS-PAGE and then electrophoretically transferred onto a polyvinylidene 
fluoride (PVDF) membrane. Since the PVDF membrane is able to bind any protein, steps must 
be taken to prevent interactions between the membrane and the antibody used for detection of the 
target protein. Placing the membrane in a dilute solution of protein, typically non-fat dry milk, 
prevents this non-specific binding.  Proteins in the solution bind to the membrane in all places 
where the target proteins have not attached, and therefore, when the antibody is added, there is 
no room on the membrane for it to associate other than on the binding sites of the specific target 
protein. This blocking step ultimately reduces "noise" in the final product of the Western blot, 
eliminating false positives.  
Following the blocking step, the membrane is probed with a primary antibody raised 
against the protein of interest. After subsequent washing steps, the membrane is incubated with 
an enzyme-conjugated secondary antibody that is reactive toward the primary. The activity of 
this enzyme is necessary for signal generation. Finally, the membrane is washed again, and 
incubated with an appropriate enzyme substrate, producing a recordable signal (Fig. 7). 
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Figure 7. Antibody-protein complex used in sample detection 
 
The most popular Western blotting substrates are luminol-based and produce energy 
released in the form of light (chemiluminescence) (30). Chemiluminescence yields the greatest 
sensitivity of any available detection method.  In the presence of the enzyme horseradish 
peroxidase (HRP) and a peroxide buffer, luminol oxidizes and forms an excited state product 
called 3-aminophthalate that emits light as it decays to the ground state. Light emission occurs 
only during the enzyme-substrate reaction and, therefore the substrate is the limiting reagent in 
the reaction; as it is exhausted, light production decreases and eventually ceases. 
 
 
 
 
 
Figure 8.  Chemiluminescence reaction 
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Gel Staining 
The detection of electrophoretically separated proteins requires the use of organic stains, 
the most sensitive of which is Coomassie Blue (31) and is able to detect as little as 0.1 µg of 
protein in a single band (32). Coomassie Blue staining requires an acidic medium to create an 
electrostatic interaction between the dye molecules and the amino groups of proteins.  This ionic 
attraction, together with van der Waals forces, creates the intensely colored dye-protein complex, 
which is reversible under the proper conditions.  There has been significant correlation between 
the intensity of Coomassie Blue staining and the number of basic amino acid groups (lysine, 
histidine, and arginine) within the protein. 
The procedure for Commassie Blue staining is simple (32). After electrophoresis, the gel 
is transferred to a small container containing enough stain to submerge the gel.  The gel is kept in 
the staining solution for approximately 10-20 minutes for 1.5 mm gels, but can also be left in 
solution overnight.  The entire gel is stained blue.  The staining solution is then discarded and the 
gel is placed in the destaining solution, enough to again submerge the gel.  Complete destaining 
usually requires several hours, with several changes of the destaining solution and agitation. 
After destaining, the blue protein bands appear against a clear background. 
 
Materials   
Bovine brains were obtained from Smithfield Packing Company (Smithfield, VA).  
Mouse antibodies against α-tubulin (monoclonal,clone B-5-1-2;1:1 w/ glycerol), β-tubulin 
(monoclonal, clone tub 2.1; 1:1 w/ glycerol) and GAPDH (monoclonal, produced in mouse; 1:1 
w/glycerol),  a horseradish peroxidase-conjugated goat anti-mouse secondary antibody, and 
GAPDH protein were obtained from Sigma Chemicals (St. Louis, MO). Cyanogen Bromide was 
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from MP Biomedical (Solon, CA).  X-ray film, SuperSignal West Pico chemiluminescent 
substrate, bicinchoninic acid protein assay reagent, and 5-iodoacetamidofluorescein (IAF) were 
obtained from Pierce (Rockford, IL). Dithiothreitol (DTT) was obtained from Fisher Scientific 
(Pittsburg, PA).   
 
Experimental Procedures 
Purification of microtubule proteins 
Dr. Lisa Landino purified tubulin from bovine brains by cycles of temperature-dependent 
polymerization and depolymerization (14).  Tubulin (typically 3–4 µg/µl) in PME buffer (0.1 M 
PIPES, pH 6.9, 1 mM MgSO4, 2 mM EGTA) was aliquoted and stored at -80 °C. Tubulin 
concentrations were determined by bicinchoninic acid (BCA) protein assay. 
 
Synthesis of peroxynitrite 
Peroxynitrite was synthesized by Dr. Lisa Landino from acidified H2O2 and sodium 
nitrite (14) and stored at -80C. The concentration of ONOO- was determined by measuring the 
absorbance at 302 nm (ϵ 302 = 1670 M-1 cm-1) in 0.4 M NaOH. 
 
Desalting of GAPDH  
8.1 mg of GAPDH was suspended in 3mL of 0.1 M phosphate buffer, pH 7.4 and 30 µL 
of 100 mM DTT in order to restore cysteine and methionine residues to their reduced form. Dr. 
Lisa Landino desalted the GAPDH solution using a DG10 column (Bio-rad).  GAPDH (2 µg/µL) 
was aliquoted and stored at -80 °C. 
 
! 
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Methionine oxidation 
 Oxidation of the protein was performed in a 0.6 mL Eppendorf tube. Volumes used in a 
typical reaction were calculated such that the final concentrations of each reactant were as shown 
in Table 1.   Protein samples consisted of 5 µL (4µg/µL) tubulin and 5 µL sodium phosphate 
buffer (pH 7.4) or 10 µL (2µg/µL) GAPDH.  Protein samples were then combined with 2 µL of 
5mM oxidant, gently mixed and allowed to react for 30 minutes at room temperature.  This was 
followed by the addition of 2-3 µL 70% formic acid (15.2 M) and mixing to ensure pH change 
prior to the addition of 5-6.5 µL 0.681 M CNBr in methanol.  The sample was gently mixed 
again and allowed to react at room temperature in the dark overnight. The following day, 6-9 µL 
6M NaOH was added to the samples.  The samples were mixed followed by the addition of an 
equal volume of sample buffer with β-mercaptoethanol (SB+) and mixed again prior to loading 
the samples onto the gel.  
Reactant Final Concentration 
Tubulin 16.6 µM* 
GAPDH 45.8 µM* 
Oxidant   0.83 mM* 
Formic Acid 2.5 M ** 
Cyanogen Bromide 0.2 M** 
Sodium Hydroxide 1.8 M** 
Table 1.  Final concentrations of reactants for methionine oxidation reactions. * Final concentration during oxidation. 
** Final concentration during cleavage 
 
Detection of cysteine oxidation 
Oxidation of the protein was performed in a 0.6 mL Eppendorf tube.  Volumes used in a 
typical reaction were calculated such that the final concentrations of each reactant were as shown 
in Table 2.  Protein samples consisted of 5 µL (4µg/µL) tubulin and 5µL sodium phosphate 
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buffer (pH 7.4) or 10 µL (2µg/µL) GAPDH.  Protein samples were then combined with 2 µL of 
oxidant, gently mixed and allowed to react for 30 minutes at room temperature.  This was 
followed by the addition of 1.5 µL (25mM) 5-Iodoacetaminofluorscein, a sulfhydryl – specific 
fluorscein labeling reagent and incubated for 30 minutes at 37 °C. The samples were mixed 
followed by the addition of an equal volume of SB(+) and gently mixed again prior to loading 
the samples onto the gel. Oxidized cysteines, whether composed of disulfides or higher oxidation 
states of sulfur, cannot be labeled (Fig. 9); thus, the incorporation of fluorescein into the protein 
decreases. Images were captured using a Kodak DC290 system and a UV transilluminator.  
 
Reactant Final Concentration 
Tubulin 16.6 µM* 
GAPDH 45.8 µM* 
Oxidant   0.83 mM* 
IAF 2.8 mM 
Table 2.  Final concentrations for cysteine oxidation reactions. * Final concentration during oxidation. 
 
 
 
Figure 9.  IAF labeling 
 
Methionine Reduction 
Oxidation of the protein was performed in a 0.6 mL Eppendorf tube.  Volumes used in a 
typical reaction were calculated such that the final concentrations of each reactant were as shown 
in Table 3.  Protein samples consisted of 5 µL (4µg/µL) tubulin and 5µL sodium phosphate 
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buffer (pH 7.4) or 10 µL (2µg/µL) GAPDH.  Protein samples were then combined with 2 µL 
oxidant, gently mixed and allowed to react for 30 minutes at room temperature.  Oxidized 
protein samples were then treated with 10-12 µL (25 mM) DTT and allowed to react for 20 
minutes.  This was followed by the addition of 2-4.8 µL 70% formic acid (15.2 M) and mixed to 
ensure pH change prior to the addition of 5-12 µL 0.681 M CNBr.  The sample was gently mixed 
again and allowed to react at room temperature in a drawer overnight. The following day, 7.5-18 
µL 6M NaOH was added to the samples.  The samples were mixed followed by the addition of 
an equal volume of SB(+) and vortexed again prior to loading the samples onto the gel.  
Reactant Final Concentration 
Tubulin 16.6 µM* 
GAPDH 45.8 µM* 
Oxidant   0.83 mM* 
Formic Acid 2.5 M ** 
Cyanogen Bromide 0.2 M** 
Sodium Hydroxide 1.8 M** 
DTT 12.5 mM
? 
Table 3.  Final concentrations of reactants in methionine oxidation/reduction reactions. * Final concentration during 
oxidation/reduction reaction. ** Final concentration during cleavage. 
 
Electrophoresis 
       Gel electrophoresis was performed using the Mini-PROTEAN Tetra cell (Bio-Rad). Gel 
cassettes were removed from the casting stand and inserted into the electrode assembly.  The 
assembly was then placed into the electrophoresis tank and the inner chamber was filled using 
1000mL of 10X running buffer. Protein samples were then loaded into the wells.  The tank was 
then covered, aligning the electrodes appropriately, and the gel was run at 110 V for 
approximately 90 minutes. 
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Western Blotting 
 After the proteins were separated by gel electrophoresis, the gels were equilibrated in 
transfer buffer.  A gel “sandwich” was constructed in order to transfer proteins from the gel onto 
a PDVF membrane.  The proteins were transferred electrophoretically using Owl HEP-1 Semi 
Dry Electroblotting System (Thermo Scientific) at 10 V for 30 minutes.  The polyvinylidene 
fluoride membrane was removed and nonspecific binding sites were blocked using 3% nonfat 
milk (5% for GAPDH and stripped membranes) at 4°C overnight.  The primary antibody (7 µL 
for tubulins, 2 µL for GAPDH) was added and incubated at room temperature for 1 hour with 
rocking.  The membrane was then washed three times for 5 minutes each with 10 mL phosphate-
buffered saline (PBS) containing 0.1% Tween-20. 1.5 µL of the secondary goat anti-mouse 
antibody was added to 10 mL PBS with Tween and incubated at room temperature for 1 hour 
with rocking.  The membrane was then washed three times for 5 minutes each with 10 mL PBS 
with 0.1% Tween-20. The SuperSignal substrates were then prepared and the membrane was 
completely wetted with substrate and incubated at room temperature for 5 minutes.  The 
membrane was then removed from the substrate and placed on a piece of plastic wrap, which 
was then folded over the membrane.  The membrane was then exposed to film for 1-3 minutes. 
 
Antibody Stripping 
After imaging, the membrane was washed for 5 minutes with 10 mL PBS with 0.1% 
Tween-20.  The membrane was then submerged in Glycine stripping buffer and the container 
was placed in a 50°C water bath for 40 minutes. The membrane was then washed three times for 
5 minutes each with 10 mL phosphate-buffered saline (PBS) containing 0.1% Tween-20. The 
PVDF membrane was blocked using 5% nonfat milk at 4°C overnight. 
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Results and Discussion 
 Cyanogen bromide cleavage of proteins had never been performed in the Landino lab.  
Therefore, in order to evaluate the oxidation of methionine residues in tubulin and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the experimental procedure for cyanogen 
bromide cleavage needed to be developed.  The initial cleavage reaction was performed using 
CNBr crystals.  While these experiments demonstrated successful protein cleavage, the 
concentration of CNBr was inconsistent between samples.  The procedure was then modified 
such that a CNBr solution could be used, which then allowed for consistent concentration 
between samples. The effects of the CNBr concentration on the reaction were then investigated 
and the optimal final concentration was determined to be 0.200M.  
 The target amino acid concentrations of a typical reaction are shown in Table 4.  The 
concentration of the target amino acid is calculated by multiplying the protein concentration used 
in the reaction by the number of methionines or number of cysteines. α- and β-tubulin contains 
28 methionine and 20 cysteine residues, and GAPDH contains 9 methionine and 4 cysteine 
residues.  The concentration of the oxidant used in a typical reaction was approximately equal to 
that of the combined concentration of the target amino acids, leaving minimal amounts of excess 
oxidant in the reaction. 
 
  µg/µL MW µM [Met] µM [Cys] µM 
[Tubulin] 2 100 kDa 20 464.8* 332.0* 
[GAPDH] 2 36 kDa 55 412.2* 183.2* 
Table 4. Calculations for target amino acid concentrations. * Concentration of target amino acid in the reaction.  
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Initial oxidation experiments required the use of three separate controls and only sodium 
hypochlorite was used as the oxidant.  The first control consisted of only the experimental 
protein, while the second control sample contained the experimental protein with the addition of 
70% formic acid and 6 M sodium hydroxide.  The second control sample was necessary to 
investigate the effects of the neutralization reaction between the acid present during cleavage and 
a base. The comparison of these two controls would determine whether or not the resulting salt 
formation would have any effects on the protein band intensity during sample detection or on the 
molecular weight of the protein sample during separation.  The third control sample contained 
the experimental protein with the addition of 70% formic acid, 0.681 M cyanogen bromide, and 
6 M sodium hydroxide and would demonstrate the amount of protein cleavage prior to oxidation. 
In the experimental samples, proteins were oxidized using two different concentrations of 
sodium hypochlorite prior to the addition of 70% formic acid, 0.681 M cyanogen bromide, and 6 
M sodium hydroxide. 
The results of these experiments can be seen in Figures 10-12, however, it is imperative 
to mention that Figures 10 and 11 illustrate the same experimental samples.  Previous attempts to 
probe tubulin proteins using both the anti-β-tubulin and anti-α-tubulin antibodies simultaneously 
were unsuccessful and it was therefore necessary detect α- and β-tubulin separately.  The 
membrane was treated in order to remove the primary β-tubulin antibody and then the membrane 
was re-probed using the α-tubulin antibody.   
A slight increase in the protein molecular weight can be observed between the first two 
controls (lanes 1 & 2), but the use of formic acid and sodium hydroxide do not appear to have a 
significant effects on the band intensity.  There is no visible protein band for the cyanogen 
bromide control (lane 3) for β-tubulin (Fig. 10), however, there is very little cleavage seen in α-
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tubulin (Fig. 11) and GAPDH (Fig. 12).  In lanes 4 and 5, the final concentrations of oxidant 
were 0.8 mM to 1.7 mM, respectively, for all three proteins. There does not appear to be 
significant cleavage in the α-tubulin CNBr control, which could be due to an inaccessibility of 
methionine residues within the protein structure. In β-tubulin, there appears to be very little 
cleavage when oxidized at the lower concentration.  There also does not appear to be a 
significant change in the amount of cleavage seen in α-tubulin and only a slight increase for 
GAPDH when oxidized at the lower concentration.  In all three protein samples, there is an 
increase in the amount of protein cleavage at the higher oxidant concentration.  This was an 
unexpected result given the nature of the cyanogen bromide reaction.  When methionine is 
oxidized to methionine sulfoxide, the sulfur atom is no longer able to attack the carbon of 
cyanogen bromide and therefore will not be cleaved.  Theoretically, as demonstrated in Figure 
13, as the concentration of the oxidant increases, so should the amounts of methionine sulfoxide, 
and, therefore, a decrease in protein cleavage should be observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Methionine oxidation in β-tubulin using two different concentrations of sodium hypochlorite. 
Monoclonal anti-β-tubulin antibodies, horseradish peroxidase-conjugated secondary antibodies, and SuperSignal 
substrate were used for imaging. Lane 1 contains the tubulin control.  Lane 2 contains the tubulin control with the 
addition of 70% formic acid and 6M sodium hydroxide.  Lane 3 contains the cyanogen bromide control.  Lane 4 
contains the sample using a final oxidant concentration of  0.8 mM  while lane 5 contains the sample using a final 
oxidant concentration of 1.7 mM.  
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Figure 11. Methionine oxidation in α-tubulin using two different concentrations of sodium hypochlorite. 
Monoclonal anti-α-tubulin antibodies, horseradish peroxidase-conjugated secondary antibodies, and SuperSignal 
substrate were used for imaging. Lane 1 contains the tubulin control.  Lane 2 contains the tubulin control with the 
addition of 70% formic acid and 6M sodium hydroxide.  Lane 3 contains the cyanogen bromide control.  Lane 4 
contains the sample using a final oxidant concentration of  0.8 mM  while lane 5 contains the sample using a final 
oxidant concentration of 1.7 mM. 
 
 
 
 
 
Figure 12. Methionine oxidation in GAPDH using two different concentrations of sodium hypochlorite. Monoclonal 
anti-GAPDH antibodies, horseradish peroxidase-conjugated secondary antibodies, and SuperSignal substrate were 
used for imaging. Lane 1 contains the GAPDH control.  Lane 2 contains the GAPDH control with the addition of 
70% formic acid and 6M sodium hydroxide.  Lane 3 contains the cyanogen bromide control.  Lane 4 contains the 
sample using a final oxidant concentration of  0.8 mM  while lane 5 contains the sample using a final oxidant 
concentration of 1.7 mM.  
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Figure 13.  Theoretical methionine oxidation results 
 
It was therefore hypothesized that at high concentrations of oxidant, the protein itself was 
becoming damaged/fragmented prior to the addition of cyanogen bromide.  In order to test this 
theory, tubulin was oxidized using varying concentrations of sodium hypochlorite and then 
separated using SDS-PAGE.  Cyanogen bromide cleavage was not performed. As Figure 14 
illustrates, the band intensities of tubulin decrease when using the higher concentrations of 
oxidant.  It was determined that the final oxidant concentration to be used in future experiments 
would be 0.8 mM or lower. 
 
Figure 14.  Tubulin was oxidized using varying concentrations of NaOCl and cyanogen bromide cleavage was not 
performed.  Following oxidation, the proteins were separated by SDS-PAGE on a 7.5% polyacrylamide gel and 
stained using Coomassie Brilliant Blue.  Lane 1 contains the protein control with no oxidant present.  Lanes 2-5 
contain protein samples with final oxidant concentrations of 0.5 mM, 0.8 mM, 1.3 mM, and 1.7 mM respectively. 
 
Both cysteine and methionine residues are susceptible to oxidation by all four of the 
oxidants used in our experiments. Therefore, micromolar concentrations of tubulin and GAPDH 
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were treated with 0.8 mM concentrations of hydrogen peroxide, glycine-chloramine, sodium 
hypochlorite or peroxynitrite for comparison. The extent of cysteine oxidation was determined 
by the amount of protein-bound fluorscein in each band. Oxidized cysteines, whether composed 
of disulfides or higher oxidation states of sulfur, cannot be labeled with fluorescein, resulting in 
decreased band intensity.  In order to analyze methionine oxidation, cyanogen bromide was 
used.  The sulfur atom of oxidized methionines will be unable to attack the carbon of cyanogen 
bromide and therefore will not be cleaved, resulting in increased band intensity. 
In Figure 15, the effect of each oxidant on tubulin cysteines was compared.  Both α- and 
β-tubulin band intensities were decreased when oxidized by glycine-chloramine (lane 3) and 
sodium hypochlorite (lane 4), compared to the control in lane 1. The samples oxidized by 
hydrogen peroxide (lane 2) and peroxynitrite (lane 5) show no significant difference from the 
control. These results suggest that cysteine residues in both α- and β-tubulin are oxidized by 
glycine-chloramine and sodium hypochlorite and are less sensitive to oxidation by hydrogen 
peroxide or peroxynitrite.  However, one must also consider that peroxynitrite degrades rapidly 
and therefore the effective dose is not necessarily 0.8 mM as calculated and therefore may 
account for this decrease in oxidation. 
 
Figure 15.   Cysteine oxidation in tubulin using 0.8 mM of varying oxidants. Following oxidation for 30 min at RT, 
1.5 µL IAF in DMF was added and samples were incubated at 37°C for 30 min.  The samples were separated by 
SDS-PAGE on a 7.5% polyacrylamide gel and imaged using a UV transilluminator. Lane 1 contains the protein 
control with no oxidant.  The samples in lanes 2-5 were oxidized by hydrogen peroxide, glycine-chloramine, sodium 
hypochlorite, and peroxynitrite respectively. 
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Figure 16.   Cysteine oxidation in GAPDH using 0.8 mM of varying oxidants. Following oxidation for 30 min at 
RT, 1.5 µL IAF in DMF was added and samples were incubated at 37°C for 30 min.  The samples were separated by 
SDS-PAGE on a 10% polyacrylamide gel and imaged using a UV transilluminator. Lane 1 contains the protein 
control with no oxidant.  The samples in lanes 2-5 were oxidized by hydrogen peroxide, chloramine, sodium 
hypochlorite, and peroxynitrite respectively. 
 
The effect of each oxidant on GAPDH cysteines was compared in Figure 16. The sample 
oxidized by hydrogen peroxide (lane 2) shows no significant difference from the control in lane 
1. The band intensities begin to decrease slightly with the sample oxidized by glycine-
chloramine (lane 3), with the least amount of fluorescein labeling in the sample oxidized by 
peroxynitrite (lane 5). This indicates that the cysteine residues in GAPDH are most sensitive to 
oxidation by sodium hypochlorite and peroxynitrite. 
In Figure 17, the effect of each oxidant on tubulin methionines was compared*.  The β-
tubulin band intensities were increased when oxidized by glycine-chloramine (lane 4) and 
sodium hypochlorite (lane 5), compared to the cyanogen bromide control in lane 1.  The sample 
oxidized by hydrogen peroxide (lane 2) does not show any significant difference when compared 
to the control; however, the band intensity of the sample oxidized by peroxynitrite (lane 3) was 
slightly decreased compared to the control. These results suggest that methionine residues in β-
tubulin are oxidized by glycine-chloramine and sodium hypochlorite and are not sensitive to 
oxidation by hydrogen peroxide. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  *	  The membrane was stripped and re-probed to analyze the effect of each oxidant on α-tubulin.   There were no 
visible bands for any of the samples and, therefore, a figure was not included.	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Figure 17.  Methionine oxidation in β-tubulin using 0.8 mM of varying oxidants.  Following oxidation for 30 min at 
RT, 70% formic acid and 0.681 M CNBr was added to the samples and allowed to react overnight. NaOH was then 
added in order to neutralize the pH prior to the samples being separated by SDS-PAGE on a 7.5% polyacrylamide 
gel.  Monoclonal anti-β-tubulin antibodies, horseradish peroxidase-conjugated secondary antibodies, and 
SuperSignal substrate were used for imaging. Lane 1 contains the protein control with no oxidant.  The samples in 
lanes 2-5 were oxidized by hydrogen peroxide, peroxinitrite, glycine-chloramine, and sodium hypochlorite 
respectively. 
 
 
 
 
 
 
 
 
Figure 18.  Methionine oxidation in GAPDH using 0.8 mM of varying oxidants. . Following oxidation for 30 min at 
RT, 70% formic acid and 0.681 M CNBr was added to the samples and allowed to react overnight. NaOH was then 
added in order to neutralize the pH prior to the samples being separated by SDS-PAGE on a 7.5% polyacrylamide 
gel.  Monoclonal anti-GAPDH antibodies, horseradish peroxidase-conjugated secondary antibodies, and 
SuperSignal substrate were used for imaging. Lane 1 contains the protein control with no oxidant.  The samples in 
lanes 2-5 were oxidized by hydrogen peroxide, peroxinitrite, glycine-chloramine, and sodium hypochlorite 
respectively. 
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The effect of each oxidant on GAPDH methionines was compared in Figure 18. The only 
significant increase in band intensity occurred in the sample oxidized by glycine-chloramine 
(lane 4) when compared to the cyanogen bromide control in lane 1.  The sample oxidized by 
hydrogen peroxide (lane 2), peroxynitrite (lane 3), and sodium hypochlorite show a slight 
decrease in intensity when compared to the control. These results indicate that the methionine 
residues in GAPDH are most sensitive to oxidation by glycine-chloramine. 
Methionine residues are capable of being oxidized to either methionine sulfoxide or to 
methionine sulfone, the latter being an irreversible process.  It was therefore important to 
determine the chemical nature of our methionine oxidized products.  This involved the 
incorporation of the strong reducing agent dithiothreitol (DTT) into our previous procedure. An 
unpublished observation by another research student in the Landino lab has demonstrated using 
thin layer chromatography that DTT will reduce methionine sulfoxide to methionine, but will not 
reduce methionine sulfone.   
The reduction experiments were performed using only sodium hypochlorite and 
peroxynitrite as the oxidants. As mentioned previously, peroxynitrite degrades rapidly and 
therefore should not interfere with the DTT, while sodium hypochlorite that will be present in 
excess will have the opportunity to react with the DTT.  The reduction experiments also required 
the use of four separate controls.  The first control consisted of only the experimental protein, 
while the second control sample contained the experimental protein with the addition of DTT. 
The DTT control would correct for any oxidative damage caused by air exposure.  The third 
control contained the experimental protein, 70% formic acid, 0.681 M cyanogen bromide and 6 
M sodium hydroxide and would demonstrate the amount of protein cleavage prior to oxidation. 
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The fourth control sample contained the experimental protein, DTT, 70% formic acid, 0.681 M 
cyanogen bromide and 6 M sodium hydroxide. The comparison of this control with the cleavage 
control sample would determine whether the addition of DTT would have any effect on the 
amount of protein cleavage.  In the experimental sample, proteins were oxidized prior to the 
addition of DTT, 70% formic acid, 0.681 M cyanogen bromide, and 6 M sodium hydroxide.  
 Figure 19 shows the reduction controls in β-tubulin and the experimental sample using 0.8 
mM peroxynitrite as the oxidant.  There does not appear to be a significant difference in the band 
intensities of the protein control (lane 1) compared to the DTT control (lane 2).  There is a slight 
decrease in the band intensity of the cyanogen bromide control (lane 3), but this is expected 
based on protein cleavage. It is believed that DTT should not interfere with the cleavage reaction 
based on the acidic reaction conditions and the control in lane 4 suggests that there is no 
interference between the two chemicals.  The band intensity of the experimental sample in lane 5 
does not appear to differ from the cleavage controls, thereby suggesting that the oxidized 
methionine residues were reduced prior to the addition of the cyanogen bromide.  However, as 
seen by our previous results, peroxynitrite does not appear to induce a great deal of methionine 
oxidation, and therefore it would have been more beneficial to use glycine-chloramine as the 
oxidant.     
 The reduction controls in GAPDH and the experimental sample using 0.8 mM sodium 
hypochlorite as the oxidant can be seen in Figure 20.  The first three control samples produced 
the same results as observed with β-tubulin, however, the intensity of the DTT/cyanogen 
bromide control in lane 4 is significantly decreased.  This is most likely due to the reduction of 
disulfides that contribute to the tertiary structure of GAPDH, thereby causing the protein to 
unfold and allowing cyanogen bromide access to internal methionine residues.  The experimental 
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sample in lane 5 does not appear to differ from the control in lane 4, thereby suggesting that all 
of the oxidized methionine residues were reduced prior to cleavage.  This result is more reliable  
since sodium hypochlorite does appear to cause a great deal of methionine oxidation in GAPDH, 
and suggests that it is only oxidized to methionine sulfoxide. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19.  Reduction controls in β-tubulin using 0.8 mM peroxynitrite.  Lane 1-3 contains the protein, DTT and 
CNBr controls respectively. Lane 4 contains the DTT/CNBr control.  The samples in lanes 5 was oxidized by 
ONOO- for 30 minutes at RT, then reduced using DTT.  This was followed by the addition of 70% formic acid and 
0.681 M CNBr and allowed to react overnight. NaOH was then added in order to neutralize the pH prior to the 
samples being separated by SDS-PAGE on a 7.5% polyacrylamide gel.  Monoclonal anti-β-tubulin antibodies, 
horseradish peroxidase-conjugated secondary antibodies, and SuperSignal substrate were used for imaging.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20.  Reduction controls in GAPDH using 0.8 mM sodium hypochlorite. Lane 1-3 contains the protein, DTT 
and CNBr controls respectively. Lane 4 contains the DTT/CNBr control.  The samples in lanes 5 was oxidized by 
NaOCl for 30 minutes at RT, then reduced using DTT.  This was followed by the addition of 70% formic acid and 
0.681 M CNBr and allowed to react overnight. NaOH was then added in order to neutralize the pH prior to the 
samples being separated by SDS-PAGE on a 7.5% polyacrylamide gel.  Monoclonal anti-GAPDH antibodies, 
horseradish peroxidase-conjugated secondary antibodies, and SuperSignal substrate were used for imaging. 
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The concentration of DTT used was fifteen times the amount of oxidant, and therefore further 
experiments were performed to determine the concentration at which DTT would no longer 
reduce the oxidative damage, which becomes relevant to future projects.  It was shown that at 
high concentrations of DTT, the band intensities were either equal to, or less than the cyanogen 
bromide control.  It follows that as the concentration of DTT decreases, there will be less 
methioine sulfoxide reduced back to methionine, thereby resulting in increased band intensity 
(Fig. 21).   
 
 
 
 
 
 
Figure 21.  Theoretical results of reactions varying the concentration of DTT 
  
 As figures 22 and 23 illustrate, using the current experimental procedure resulted in 
inconsistent results.  Lane 1 contains the oxidized protein/cyanogen bromide cleavage control.  
The samples in lanes 2-5 were oxidized using 0.8 mM NaOCl or ONOO- then reduced for 20 
minutes with 12.5, 3.5, 0.9, and 0.5 mM concentrations of DTT respectively.   It is now thought 
that DTT may interfere with the cleavage reaction even under the acidic reaction conditions.  
 
 
12.5 mM
DTT
0.8 mM
NaOCl
CNBr
control
3.5 mM
DTT
0.9 mM
DTT
0.5 mM
DTT
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Figure 22.  Oxidation and reduction in β-tubulin 0.8 mM NaOCl and varying concentrations of DTT.  Lane 1 
contains the oxidized tubulin /cyanogen bromide cleavage control.  Lanes 2-5 samples were oxidized using 0.8 mM 
NaOCl then reduced with 12.5, 3.5, 0.9, and 0.5 mM concentrations of DTT respectively. This was followed by the 
addition of 70% formic acid and 0.681 M CNBr and then allowed to react overnight. NaOH was then added in order 
to neutralize the pH prior to the samples being separated by SDS-PAGE on a 7.5% polyacrylamide gel.  Monoclonal 
anti-β-tubulin antibodies, horseradish peroxidase-conjugated secondary antibodies, and SuperSignal substrate were 
used for imaging. 
 
 
 
 
Figure 23.  Oxidation and reduction in GAPDH 0.8 mM ONOO- and varying concentrations of DTT. Lane 1 
contains the oxidized GAPDH/cyanogen bromide cleavage control.  Lanes 2-5 samples were oxidized using 0.8 mM 
ONOO- then reduced with 12.5, 3.5, 0.9, and 0.5 mM concentrations of DTT respectively. This was followed by the 
addition of 70% formic acid and 0.681 M CNBr and then allowed to react overnight. NaOH was then added in order 
to neutralize the pH prior to the samples being separated by SDS-PAGE on a 7.5% polyacrylamide gel. .  
Monoclonal anti-GAPDH antibodies, horseradish peroxidase-conjugated secondary antibodies, and SuperSignal 
substrate were used for imaging. 
 
 
 In order to correct for this ,the procedure was altered such that following oxidation and 
reduction reactions, the protein was precipitated out of solution using ethanol, centrifuged, and 
the supernantant containing DTT would be discarded.  The protein “pellet” would then be 
resuspended using phosphate buffer, pH 7.4, and the cleavage protocol would remain unchanged.  
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A protein dot blot would also need to be incorporated to ensure that protein was not lost during 
the precipitation and resuspension (Fig. 24-B). As seen in Figure 24-A, this appears to correct the 
inconsistency and also allows for smaller protein fragments to be visualized. Lane 1 contains the 
oxidized tubulin/cyanogen bromide cleavage control.  The samples in lanes 2-5 were oxidized 
using 0.8 mM glycine-chloramine then reduced with 12.5, 3.5, 0.9, and 0.5 mM concentrations 
of DTT respectively. As the concentration of DTT decreases, the band intensity does increase.  
Another observation is that the lower molecular weight protein fragments decrease in intensity as 
the concentration of DTT decreases, suggesting less protein cleavage. 
 
Figure 24.  (A) Oxidation and reduction in β-tubulin 0.8 mM glycine-chloramine and varying concentrations of 
DTT.   Lane 1 contains the oxidized tubulin /cyanogen bromide cleavage control.  Lanes 2-5 samples were oxidized 
using 0.8 mM NaOCl then reduced with 12.5, 3.5, 0.9, and 0.5 mM concentrations of DTT respectively. Tubulin 
was then pelleted using ethyl alcohol and resuspended in phosphate buffer, pH 7.4.  This was followed by the 
addition of 70% formic acid and 0.681 M CNBr and then allowed to react overnight. NaOH was then added in order 
to neutralize the pH prior to the samples being separated by SDS-PAGE on a 7.5% polyacrylamide gel.  Monoclonal 
anti-β-tubulin antibodies, horseradish peroxidase-conjugated secondary antibodies, and SuperSignal substrate were 
used for imaging. (B) Dot blot analysis to detect the presence of a β-tubulin in resuspended samples. 
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Conclusion and Future Research 
Methionine and cysteine residues of proteins are readily oxidized by a number of 
different reactive oxygen species, and it has been suggested that an accumulation of oxidative 
damage over a long period of time plays a significant role in the aging process, inflammatory 
diseases (arthritis, vasculitis), heart disease, and several neurodegenerative diseases such as 
Alzheimer’s and Parkinson’s diseases.  The Landino laboratory had previously shown that the 
cysteine residues of microtubule proteins become oxidized and the disulfide bonds formed are at 
least partially responsible for inhibition of microtubule polymerization. However, until now, no 
attempts to detect methionine sulfoxide had been undertaken.  
Cyanogen bromide cleavage had never been performed in the Landino lab and, therefore, 
an experimental procedure for cyanogen bromide cleavage was developed in order to evaluate 
the oxidation of methionine residues in tubulin and glyceraldehyde-3-phosphate dehydrogenase. 
Oxidation of methionine residues by a variety of biologically relevant oxidants was performed, 
and it is evident from the results summarized above that methionine sulfoxide can be detected in 
both tubulin and GAPDH.  This finding is not surprising, considering the discovery of 
methionine oxidation on the detergent-insoluble β-tubulin of an Alzheimer diseased brain by 
Boutte and colleagues.   
When taking into consideration the current results showing that the methionine residues 
also become oxidized, the question that now arises is whether it is cysteine oxidation, methionine 
oxidation, or a combination of both that contributes to the inhibition of polymerization.  
As mentioned previously, both cysteine and methionine residues are sensitive to the oxidants 
used in our experiments.  As seen in Figures 15 through 18, it is impossible to oxidize one 
without potentially oxidizing the other.   Another experimental obstacle to consider is that the 
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chemical means of reduction is also non-specific between the two amino acids.  The solution is 
incorporating commercially available methionine sulfoxide reductase (Msr) into the 
experimental procedure. We intend to mimic a more physiologically relevant system by 
generating HOCl using myeloperoxidase, H2O2, and chloride ions.  After oxidation, Msr will be 
added to the samples in order to reduce the methionine residues and either GTP or Taxol will be 
added to induce polymerization.  If there is no significant difference from the 2004 results (15), 
then oxidized methionine residues do not contribute to the inhibition of microtubule 
polymerization. If some polymerization is restored, then both amino acids play a role.  If all 
polymerization is restored, however, then it can be concluded that it is oxidized methionines, and 
not cysteines, that inhibit function. 
Based on the observations that in the Alzheimer’s diseased brain, myeloperoxidase is 
expressed in neurons at elevated levels relative to the control brain, co-localizes to neurons 
containing neurofibrillary tangles composed mostly of tau protein, and that there is a decline in 
the enzymatic activity of methionine sulfoxide reductase-A, our hypothesis is that MPO and 
MsrA may associate with microtubules.  In order to test this hypothesis, either GTP or Taxol will 
be added to tubulin to induce polymerization.  Commercially available MPO will be added and 
incubated.  Microtubules will then be pelleted by centrifugation and both the supernatant and 
pellet fractions will be analyzed for MPO activity.  The fractions will also be tested for MPO by 
Western blot using an anti-MPO antibody. These steps will be repeated for MsrA. 
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Appendix I. Reagents 
 
ONOO-   
5mM ONOO- was prepared by combining 5.14 µL (97.3 mM) ONOO- with 94.86 µL (0.1 M) in 
0.6 mL eppendorf tubes. For 10 mM ONOO-, 10.28 µL (97.3 mM) ONOO- was combined with 
89.72 µL (0.1 M).  
 
NaOCl  
In 1.5 mL eppendorf tubes,  5mM NaOCl was prepared by combining 10 µL (500mM) NaOCl 
and 990 µL dH2O. 10 mM was prepared by combining 20 µL (500mM) NaOCl and 980 µL 
dH2O and 20mM was prepared by combining 40 µL (500mM) NaOCl and 960 µL dH2O.   
 
 H2O2  
 In 1.5 mL eppendorf tubes,  5mM H2O2 was prepared by combining 5.7 µL (882 mM) H2O2 and 
994.3 µL dH2O, and 10 mM H2O2 was prepared by combining 11.3 µL (882 mM) H2O2 and 
988.7 µL dH2O.  
 
RNHCl   
200mM RNH2 was prepared using 0.11g glycine in 7.30 mL dH2O.  For 5 mM RNHCl, 10 µL of 
200 mM RNH2 was combined with 30 µL of sodium phosphate buffer (pH 7.4), and 40 µL (10 
mM) NaOCl. For 10 mM RNHCl, 10 µL of 200 mM RNH2 was combined with 30 µL of sodium 
phosphate buffer (pH 7.4), and 40 µL (20 mM) NaOCl. 
 
CNBr  
0.681 M in methanol stored in the dark at room temperature  
 
Dithiothreitol (DTT)   
25 mM DTT was prepared by using 0.0035g DTT in 900 µL dH2O. Serial dilutions provided 
lower concentrations used. 
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Phosphate Buffer 
 pH 7.4 – sodium phosphate made by LML and stored at 4°C 
 
10X Running Buffer 
pH 8.3 – 30.3 gTris Base, 144 g Glycine,10g SDS, deionized water 
 
SB(+)  
0.5 M Tris-HCl (pH 6.8), 10% SDS, Glycerol, β-mercaptoethanol, 0.25% Bromophenol Blue 
(w/w), deionized water 
 
Tris-glycine Transfer Buffer 
1liter was prepared by dissolving 3.03g Tris-base and14.4 g glycine in dH2O plus 200 ml 
methanol (25 mM tris, 192 mM glycine, 20% v/v methanol) and stored at 4°C. 
 
PBS Rinse  
100 mL 10X PBS solution (11.9 mM Phosphates, 137 mM Sodium Chloride, 2.7 mM Potassium 
Chloride), 900 mL dH2O, 10 mL (10% Tween 20). 
 
Stripping Solution  
0.7507 g glycine in 50 mL dH2O – pH 2.5 (0.5% tween) 
 
Coomassie Brilliant Blue R-250  
0.25% Coomassie Brilliant Blue R-250, 40% methanol (v/v), 10% acetic acid (v/v). 
 
Destaining solution  
600 mL deionized water, 300 mL methanol, 100 mL glacial acetic acid 	  	  	  
